The success of Fiber Reinforced Polymers (FRP) strengthening methodologies for reinforcing concrete structures is highly related to the interfacial bond properties between reinforcement and concrete, which depends upon a number of parameters. Several studies were carried out investigating the short-term bond behavior of Near Surface Mounted (NSM) FRP strengthening systems. However, there has been only limited investigation of its long-term behavior resulting in a significant lack of available experimental data about this relevant aspect. The bond performance of the materials involved in the NSM FRP strengthening system (FRP, adhesive and concrete), due to its nature, is susceptible to be affected by both the sustained loading and environmental conditions. In this study, bond of NSM Carbon FRP (CFRP) laminates in concrete was investigated experimentally using pull-out tests. The experimental program consisted of both short-term tests, in which the load was applied monotonically up to failure, and long-term tests in which different levels of sustained loading were applied. The specimens were tested under sustained loading using bonded length, * Corresponding author. Tel: +34 627114755
Introduction 1
The use of Fiber Reinforced Polymer (FRP) reinforcement in the strengthening 2 of Reinforced Concrete (RC) structures has received considerable attention within 3 the civil and structural engineering fields. Their unique properties, such as the high in both reinforcements). A more detailed analysis of these tests is provided elsewhere 46 [17, [31] [32] [33] [34] . Another issue related to the performance of direct pull-out tests is the presence of compression in the concrete in the most classical setup of the test, which 48 may introduce some confinement affecting the bond performance (also for steel RC).
49
However the possible effect of this confinement may depend on the interrelation be- 50 tween geometrical and mechanical parameters of the test and was not always found to 51 be present [17] . It can be said that most of the studies carried out used the single-shear 52 pullout test due to its simplicity. Although its specific setup may not exactly represent 53 the conditions in strengthened elements, it has been considered an effective method to 54 obtain results able to quantify, check and compare the bond performance of different 55 joint configurations.
56
A primary concern of strengthened RC structures performance is its long-term bond 57 behavior under serviceability limit state (SLS) conditions, which may be affected by 58 several parameters in case of NSM systems. The impact of adhesive properties on the 59 long-term bond behavior between NSM CFRP strips and concrete was investigated and 60 reported in [35] , where the temperature, the adhesive curing time and the initial tensile 61 strip force were the test variables. Results showed that the creep effects were reduced 62 due to the increase in the adhesive curing period, and that the creep was dependent 63 on the stress level in the adhesive layer. In addition, the system performance was 64 affected significantly due to the exposure to high temperature. In the same study, a to sustained stress levels of 60% the adhesive endured up two times the instantaneous 71 strain without rupturing. Since the reduction of the values of the Kelvin components was verified, the time period between adhesive production and its application is a 73 relevant aspect for maintaining the aimed prestress level in the NSM CFRP systems.
74
With the aim of studying the durability of RC elements strengthened with the NSM 
117
Results of the study reported in [43] show that, in case of EBR, increasing the 118 thickness of the adhesive layer helped in reducing the peak shear stress over time due 119 to creep. They also observed that transfer length increased with time due to the 120 presence of sustained load.
121
The long-term bond behavior of strengthened RC structures under SLS conditions 122 is a key aspect that influences the performance of an FRP strengthened RC structure. was reported in [45] . The slip evolution with time under the different loading and 144 environmental conditions were monitored during the test period (i.e. 1000 hours).
145
For both monotonic pull-out and long-term pull-out test setups, a steel plate having 
Long-term pull-out test

184
A total of nine specimens were tested under sustained loading conditions. Similarly follows: the letter L followed by the bonded length in mm, the letter S followed by the 195 percentage of applied stress level, and finally, the letter G followed by the groove width 196 used in mm (see Table 1 ). The general instrumentation in these long-term pull-out 197 tests consisted on two LVDTs that measured the loaded and free end slips. 
Sustained loading 208
The total slip values due to sustained loading were registered along the testing 209 period (i.e. 1000 hours) for each specimen. Fig. 6 shows the evolution of the total The experimental slip evolution with time at sustained load level equal to 50%, for 218 the case of specimens with groove width equal to 5 mm, is presented in Fig. 7 . Again, 
241
Experimental data presented in this study show that at a sustained load of 25% 242 of the failure load, the ratio between the total slip at 1000 hours of sustained loading 243 to the instantaneous slip at the time of application of the sustained load (t=0) was 
254
[52] have measured a tensile strain between two and three times the instantaneous one.
255
No visible changes were appreciated in the appearance of the specimens during the 256 test. By the end of testing period, specimens were unloaded and there were no visible 257 cracks or signs indicating failure either in the concrete or in the epoxy. 
Short-term bond behavior
264
In a monotonic pull-out test, forces are transferred from reinforcement to concrete at the interface and tensile stresses at the transversal section (of dimensions h f x t f ). 
where σ f is the tensile stress in the FRP, τ is the shear stress, t eq is the ratio between (L p ), t a is the thickness of the adhesive layer, and t f and h f are the thickness and the 276 width of the FRP strip, respectively (see Fig. 10 ).
CFRP strip Adhesive
Concrete block reinforced elements can be satisfactorily simulated by using a local bilinear law as that shown in Fig. 11 and described by Eq. 4.
where τ and s are the interfacial shear stress and its corresponding slip, respectively, 281 τ 0 is the maximum interfacial shear stress, s 0 is the slip at τ 0 and s f is the maximum 282 slip of the τ -s relationship.
283
This study aimed to simulate the effects of sustained loading under SLS conditions.
284
For this purpose, it was assumed that the slip between CFRP and concrete can be bilinear bond-slip law can be obtained by:
where s is the slip of the CFRP strip and K e is the stiffness of the τ -s relationship, 290 that can be described as:
being τ 0 and s 0 the maximum interfacial bond stress in the τ -s relationship and its 292 corresponding slip, respectively.
293
The first derivative of Eq. 5 yields:
where ε f is the strains in FRP strip.
296
By using Eq. 7 and Eq. 1, the following differential equation can be obtained:
where
being E f is the modulus of elasticity of the FRP. length (at any distance x from the free end) are given by:
Bond behavior under sustained loading
305
The bases of the approach presented in [36] for modelling the long-term bond be-
306
havior of steel bars in concrete have been followed in this work, with the difference 307 that the creep effects are introduced here into the bilinear bond-slip model for short-
308
term behavior of the NSM system previously described (Fig. 11 ). According to this at any time can be described by:
where s(t 0 ) and s(t) are the slip values at time t 0 and t from loading, respectively, and 313 φ(t, t 0 ) is the creep function of the joint at time t with respect to time t 0 .
314
The application of this assumption to the short-term bond-slip model (Fig. 11) 
315
would cause a shift on the right of the curve for t 0 , resulting in a set of curves for The practical application of this methodology can be carried out using the so- the ascending branch is used as follows:
where K e (t 0 ) and K e (t) are the stiffness of the ascending branch at times t 0 and t, 330 respectively, τ 0 (t) and φ(t,t 0 ) are the maximum interfacial shear stress and the creep 331 factor at time t, respectively, and s 0 (t) is the slip corresponding to τ 0 (t).
332
This is represented in Fig. 12 through the reduction in the slope of the ascending 333 branch of the bond-slip relationship at time t (t > t 0 ). With this reasoning, the 334 time-dependent behavior can be introduced in the analytical equations describing the 335 short-term bond problem (Eq. 9 to Eq. 12) just by changing the stiffness with time
336
(K e (t)).
337
The evolution of bond-slip law with time , presented in Fig. 12 , is mainly dependent 338 on the adhesive's properties. These properties can be determined through a tensile 339 creep test that allows for creep coefficients at different times (φ(t)) to be obtained,
340
and therefore, for bond-slip relationships at any time to be determined. Through 341 this procedure, the analytical equations describing the distribution of the axial CFRP 342 stress, the shear stress and the slip along the bonded length with time read:
Application of previous equations indicate that under sustained loading more creep 
Comparison between analytical and experimental results
349
The experimental results obtained in the current work are used to check the pre-350 sented analytical model.
351
Assuming a short-term load-slip curve as that shown in Fig. 13 and that the axial 352 stiffness of the FRP strip is much smaller than that of the concrete, the maximum 353 bond-stress at time t 0 (τ 0 (t 0 )) can be obtained as [40, 53] :
where P max and s f are the load and slip values at the peak point of the load-slip curve
355
(i.e. point B) at which the interface shear stress reaches its maximum value, and s 0 is 356 the slip at the end of the linear-elastic part of the curve (point A). Table 2 , respectively, while the bond-slip parameters (τ f (t) and s 0 (t) in Fig. 12 ) for 362 the long-term equivalent curves at different times are indicated in the fourth and fifth columns, respectively. predicts reasonably well the slip evolution with time.
370
For the purpose of clarification, Table 3 
390
• The ratio between the total slip at 1000 hours of sustained loading to the in-391 stantaneous slip at the time of application of the sustained load (t=0) was found
392
to be similar for all specimens tested. The ratios obtained were 1. 
